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The threat of blast pressure that may result from bomb or gas explosions to a
building and its inhabitants has emphasized the need of structural protection
especially for unreinforced masonry walls.  Under blast load, the failure of masonry
walls is sudden and severe with fragmentation from pieces of walls, windows,
equipment, and vehicle debris flying at high speeds resulting in severe injury and even
death.  Externally bonded reinforcement may be used to strengthen masonry walls so
as to resist lateral out-of-plane loads.  The blast resistance of the strengthened walls
can be predicted from the static resistance using dynamic load factor and strain rate
enhancement factor to account for dynamic effects from a blast load.
In this study, the out-of-plane behavior of masonry walls strengthened with an
overlay  on  the  tension  face  using  various  cementitious  composite  materials,  that  is,
ferrocement, steel fiber-reinforced ferrocement, steel fiber-reinforced mortar, and
hybrid fiber-reinforced mortar, was investigated.  A total of 17 simply-supported wall
specimens including two unstrengthened walls, were tested under either concentrated
or uniform patch load.
In general, test results indicated a substantial increase in ultimate load-
carrying  capacity  and  ductility  of  the  walls  due  to  the  overlay.   Among  the
strengthening systems studied, hybrid fiber-reinforced mortar gives the most desirable
performance in terms of initial stiffness, ultimate strength, ductility and energy
absorption capacity.  Compared to fiber-reinforced polymer systems, ferrocement and
Summary
viii
hybrid fiber-reinforced mortar overlays appear to be a viable and more economical
method in strengthening masonry walls against lateral loads.
In addition, simple analytical models were also developed to predict the
ultimate capacity of the strengthened walls.  The analytical models were verified with
the test results obtained from the static masonry wall tests.  The proposed analytical
model for punching shear failure give good prediction of the ultimate strength for
walls  subjected  to  a  concentrated  load;  and  the  model  for  flexural  failure  give  a
slightly conservative prediction of the ultimate strength for walls subjected to uniform
load.  The ultimate capacity of the strengthened masonry walls obtained from the
static load test in this study can be used to predict the resistance to blast loads.
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1Introduction
1.1 GENERAL
Masonry has been used widely as a main building material for centuries.  In
old structures, masonry was a major construction material as nearly all parts of a
structure were made of stone blocks or clay bricks laid layer by layer.  Though at
present, the use of masonry has been limited to non-loadbearing elements due to more
stringent building codes, masonry is still broadly used as in-fill elements such as for
partitioning and external walls.  This is attributed to many functions offered by this
material such as fire protection, thermal and sound insulation, weather protection, and
subdivision of space.  From the architectural point of view, masonry shows its
versatility in terms of plan form, spatial composition, and appearance owing to
infinite varieties of brick colours and textures in the market.  In addition, masonry has
been proven to be durable as it remains serviceable for many decades with relatively
low maintenance.  Taking into account the functions and advantages offered, masonry
may be regarded as a practical and economical construction material.
Several codes such as BS 5628 [1992] and ACI Committee 530 [2005] specify
the design criteria for masonry structures in which the design loads include lateral
forces that may arise from wind or earthquake actions.  For this purpose, reinforced
and post-tensioned masonry are used in situations where considerable lateral forces
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such  as  wind  load  and  to  some  extent,  earthquake  and  accidental  loads,  have  to  be
resisted.  However, the design criteria does not allow for out-of-plane loads which
could result from accidental events such as gas explosion, earthquake, or blast for
which a reinforced or post-tensioned masonry complying with the code requirement is
deficient.  Under blast load, the failure of masonry walls is sudden and severe, with
fragmentation from pieces of walls, windows, equipment, and vehicle debris flying at
high speeds resulting in severe injury and even death.  These facts emphasize the need
to strengthen such walls to enhance their resistance to out-of-plane loads.  Such walls
may be strengthened using externally bonded reinforcement which may increase the
deformation capacity of the walls such that any failed materials would be contained.
There are two main objectives to be achieved in the strengthening works:
(a) increasing the blast resistance capacity of the existing wall, and (b) providing a
catcher system.  The former implies that the wall is able to resist the blast load, while
the latter suggests that it remains intact to catch or stop debris from entering the
building and posing a hazard to occupants.  As mentioned before, externally bonded
reinforcement may be fixed to the wall to increase the capacity of the strengthened
wall to resist blast loads.  In addition, the external reinforcement should not rupture
and can effectively contain the debris.
In recent years, the advancement and versatility of fiber reinforced polymer
(FRP) reinforcement for strengthening structural element such as beams, columns,
and joints have led to the use of this material for retrofitting of the existing masonry
structures.  Investigations into the application of FRP in the strengthening of
unreinforced masonry (URM) have been conducted extensively to explore its
potential and to understand the behaviour of FRP-strengthened masonry walls (Ehsani
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and Saadatmanesh [1996], Gilstrap and Dolan [1998], Triantafillou [1998], Ehsani et
al. [1999], and Tan and Patoary [2004]).  These studies showed that externally bonded
FRP systems lead to a significant increase in the load-carrying capacities of the walls.
Patoary [2003] also showed that the blast resistance can be evaluated from the static
resistance of the walls by incorporating the strain rate effect and dynamic load factor.
However, test results show that the ductility of FRP-strengthened walls is limited by
delamination of FRP reinforcement, flexural compression or shear failure of the
masonry.  This implies that the high tensile strength of FRP is not fully utilized.  In
addition, extra work may be needed to secure FRP-strengthened walls to the frame.
Finally, high material cost of FRP reinforcement makes it uneconomical for common
applications in developing countries where masonry structures are mostly found.
1.2 STRENGTHENING MATERIALS
In general, the material performance requirements for application in protective
structures include: (a) high strength for penetration resistance, (b) high strain for
energy absorption and reduction of fragmentation, (c) ductility for bending and
residual  strength,  and  (d)  damage  tolerance  to  resist  multiple  impacts  (Maalej  et  al.
[2004]).  Taking into consideration these material performance requirements, as well
as durability, fire resistance, and cost effectiveness, ferrocement and fiber reinforced
mortar were selected as strengthening materials, and subsequently investigated in this
research study.
1.2.1 Ferrocement
Ferrocement is a thin-wall composite material made of cement mortar
reinforced with several layers of closely spaced, relatively small diameter wire
meshes.  Ferrocement sections are noted for their toughness and impact resistance and
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for their better crack distribution compared to reinforced concrete, largely due to the
close spacing and uniform distribution of the reinforcing elements within the body of
the composites.  These excellent features of ferrocement lend itself for a wide range
of applications in new structures and the repair and rehabilitation of existing
structures.  Particularly in repair and rehabilitation, the use of ferrocement can help to
enhance the strength, stiffness and ductility of the retrofitted structure.
As a repair material, ferrocement was first introduced in the early of 1980s by
Romualdi [1987] and Iorns [1987] mainly for the relining of deteriorated liquid
containment structures and tunnels.  The use of ferrocement was then extended to
structural rehabilitation whereby ferrocement was bonded to masonry structure with
insufficient seismic resistance, as reported by Romualdi [1987].  This resulted in a
doubling of the strength of the retrofitted structure.
Several investigations on the application of ferrocement laminates in the
strengthening of RC beams were carried out by Andrews and Sharma [1988], Ong et
al. [1992], Paramasivam et al. [1998], and Al-Kubaisy and Jumaat [2000a].  In
flexural strengthening, the ferrocement laminate is cast onto the tension face of the
beam without any change in the width of the beams.  As can be seen from the test
results in Figures 1.1 and 1.2, concrete beams strengthened with ferrocement
laminates on the tension face showed significant increase in cracking and flexural
capacities.
Other studies by Abdullah and Takiguchi [2003] and Kazemi and Morshed
[2005] on the strengthening of RC columns using ferrocement are shown in Figures
1.3 and 1.4, respectively.  Test results obtained by Abdullah and Takiguchi [2003] in
Figure 1.5 show that by providing external confinement over the entire length of the
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RC columns, the ductility was enhanced tremendously.  In addition, Kazemi and
Morshed [2005] confirmed that under cyclic lateral forces, shear-deficient RC
columns strengthened with ferrocement jacketing failed in flexure with good ductility,
whereas the control specimens failed prematurely due to shear failure (see Figure 1.6).
It was reported also that distributed fine shear cracking was observed at large
displacement.
The advantages of ferrocement were also evident in the strengthening of RC
slabs.  Al-Kubaisy and Jumaat [2000b] investigated the behaviour of concrete slabs
strengthened with ferrocement at the tension face.  The test parameters were the
percentage of wire mesh reinforcement, thickness of the ferrocement layer and the
type of connection between the ferrocement and concrete as shown in Table 1.1.  It
was reported that slabs strengthened with ferrocement showed reduced crack widths
and spacing and improved ductility though only a slight increase in ultimate flexural
capacity was observed (see Figure 1.7).
1.2.2 Fiber Reinforced Mortar
Another material that is noted for its excellent qualities in toughness, ductility,
and impact resistance is fiber reinforced mortar.  Plain, unreinforced cementitious
materials are characterized by low tensile strength as well as low tensile strain
capacity; thus they are regarded as brittle materials.  In order that it can be used as
construction materials, attempts were made to improve the nature of this material, for
example, by adding discontinuous fibers randomly distributed throughout the
cementitious matrix.  The contribution of fibers is evident after the matrix has
cracked, when fibers provide bridging forces across cracks and thus prevent their
growth.  Fiber reinforcement is therefore effective in improving the mechanical
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performance, deformability, toughness, impact resistance, and fatigue – properties
that are highly desirable from a retrofit point of view (Banthia et al.  [1998]).
Steel fiber-reinforced concrete or mortar has been used to increase the
toughness, energy absorption capacity or the impact resistance in applications like
slabs and floors, shell domes, rock slope stabilization, refractory linings, composite
metal decks, aqueduct rehabilitations, seismic retrofitting, repair and rehabilitation of
structures, fire protection coatings, concrete pipes and others.  In particular, fiber
reinforced mortar is typically used as thin-walled structures.  It has been proven to
show good performance and it is able to withstand lateral load, for example, in tunnel
linings or in slope stabilization (ACI Committee 506 [1984], Warner [1995]).
Recently, it has been shown that hybridization of fibers with different sizes or
moduli can improve the mechanical properties of the composite.  The idea is to
produce a composite that derives the benefits from each of the individual fibers and
achieves a synergetic response (Banthia and Nandakumar [2003]).  Basically, macro-
fibers that provide toughness at large crack openings would be combined with micro-
fibers that reinforce the mortar phase, inhibit microcrack growth in early stages, and
improve the pull-out resistance of the macro-fibers.  It is expected that these fibers in
combination could offer high toughness over a wide range of crack openings.
In particular, it has been reported that combining steel and polypropylene (PP)
fibers enhances the tensile strength and toughness of hybrid-fiber reinforced
cementitious composites (Qian and Stroeven [2000], Yao et al. [2003], Bentur and
Mindess [2007]).  High modulus fibers such as steel fibers tend to increase strength
with only modest improvement in toughness; on the other hand, the low modulus
fibers such as PP fibers lead to considerably higher toughness with hardly any
Chapter 1: Introduction
7
improvement  in  strength.   Therefore,  the  main  objective  of  hybrid  composites  is  to
make use of the advantages of each fiber to compensate shortcomings of others.
Qian and Stroeven [2000] investigated the influence of fiber size and modulus
on the properties of concrete using three sizes of steel fibers and one size of
polypropylene fibers.  The steel fibers were: (a) hooked-end type with a length of 40
mm and a diameter of 0.3 mm; (b) hooked-end type with a length of 30 mm and a
diameter of 0.3 mm; (c) and plain type with a length of 6 mm and a diameter of 0.1
mm, whereas the PP fibers used were of the mono-filament type with a length of 12
mm and a diameter of 18 ?m.  The contribution of PP fibers to the hybrid-fiber
composites was studied by comparing the test results of specimens containing the
three types of steel fibers in different amounts (the total amount of steel fibers varying
at 0.4%, 0.6%, and 0.8%) with or without PP fiber addition (0 or 0.15%).  It was
reported that although the influence on the energy absorption capacity is little, there is
a certain positive synergy effect of PP fibers in load bearing capacity.
It has been confirmed that using fiber reinforced concrete in structural
elements can improve their performance in flexural strength, shear strength, ductility,
and toughness.  This composite has shown good performance in many fields as
described earlier, especially in structural retrofitting and strengthening.  In addition,
fiber reinforced concrete has been used widely in stabilizing slopes and tunnels,
where it is basically required to resist lateral load, as in masonry wall systems.  Apart
from its excellent mechanical properties, it is recognized that by using fiber reinforced




1.3 OBJECTIVE AND SCOPE OF STUDY
The primary objective of this research work is to determine the feasibility of
using ferrocement and fiber reinforced mortar in out-of-plane strengthening of
unreinforced masonry walls.  To achieve this aim, the scope of study covers the
following:
1. Investigation on the out-of-plane behavior and failure modes of strengthened
masonry walls under static load.  In this test programme, masonry walls were
built and strengthened with an overlay made of a cementitious composite
material reinforced by either continuous reinforcements (skeletal steel and
wire mesh) or discrete fiber reinforcement (steel and polypropylene fibers), or
the combination of both.  Masonry walls strengthened with a ferrocement
overlay were tested under both point and uniformly distributed loads, while
wall specimens for other strengthening systems were subjected only to
uniformly distributed loads.
2. Development of simple analytical models to predict the ultimate load carrying
capacity based on the failure modes.  The derivation of analytical model for
punching shear strength of masonry walls strengthened with ferrocement was
based on the existing BS 8110 [1997] code equation for a reinforced concrete
slab.  As for wall specimens failing in flexure, a section analysis was derived
based on strain compatibility and force equilibrium to obtain the ultimate




This thesis consists of six chapters.  Chapter 1 provides an introduction to the
research work and describes previous experimental studies related to this study.  The
objective and scope of study are also defined.
In Chapter 2, past analytical and experimental studies concerning the
behaviours of each constituent, that is, masonry in compression, ferrocement in
tension, and fiber reinforced mortar in tension, are reviewed and summarized.  Some
empirical formulas and material constitutive models that define those behaviours are
discussed.
Chapter 3 introduces the analytical study on the response of strengthened
walls subjected to static out-of-plane loads.  First, the appropriate characterizations of
the material behaviour are identified.  Simple analytical models are then proposed to
predict the failure load of the strengthened masonry walls for all four strengthening
systems.  They include the punching shear failure for wall specimens tested under a
concentrated load and flexural rupture of the strengthening layer associated with
uniformly distributed load tests.
Chapter 4 covers the test programme which comprises the material property
tests and the static out-of-plane test of masonry walls.  The preparation of the
specimens, test set-up and instrumentation for uniaxial tension tests on mesh
reinforcement and fiber reinforced mortar are first described, followed by details of
the test programme for static load tests of masonry walls.
The test results for both test programmes were reported in Chapter 5, in which
the failure loads were also compared with the theoretical predictions.  In addition, the
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effects of the test parameters on the performance of the strengthened walls are
discussed.  Presented also in this chapter is the comparison between the effectiveness
of strengthening systems studied herein and the FRP systems in wall strengthening.
Finally, a general summary of the pertinent findings and recommendations for
further studies are presented in Chapter 6.
Chapter 1: Introduction
11






































































3-6 mm dia. bars
3-6 mm dia. Bars







80 0.60 Concrete casting was




Figure 1.1 Load-deflection relationship of ferrocement-strengthened
RC beams (Al-Kubaisy and Jumaat [2000a])
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Figure 1.2 Load-deflection curves for RC beams strengthened with ferrocement
laminate (Andrew and Sharma [1988])
Figure 1.3 Column details: (a) Reference; (b) Column with square jacket (SJ); (c)
Column with circular jacket (CJ) and (d) Column CJ (reduced wire mesh) (Abdullah
and Takiguchi [2003])
LEGEND
          REPAIRED
          ORIGINAL
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Figure 1.4 Details of control and retrofitted specimens (Kazemi and Morshed [2005])







Figure 1.6 Envelopes of hysteresis for test columns (Kazemi and Morshed [2005])
Figure 1.7 Load-deflection curves of slabs with ferrocement tension zone cover




The importance of strengthening weak and brittle unreinforced masonry
(URM) walls has emerged in the view of increasing threat to properties and
inhabitants from terrorists’ attack.  In order to improve their out-of-plane strength,
such walls may be strengthened by externally bonded reinforcement so that they are
able to withstand the lateral pressure resulting from blast explosions.  Previous works
related to this research study were reviewed and summarized herein.
2.2 MASONRY MATERIALS IN COMPRESSION
Over a long period, the behaviour of masonry under compressive loading has
been investigated extensively as masonry structures are primarily stressed in
compression.  These tests formed the basis for the mechanical properties of masonry
that are used in designing structural masonry.
2.2.1 Characteristic Compressive Strength of Masonry
The most important mechanical property of masonry unit is its compressive
strength, which besides being of direct relevance to the strength of the wall, serves as
a general index to the characteristics of the unit (Hendry and Khalaf [2000]).  Several
empirical formulas derived from experimental data have been proposed for the
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characteristic compressive strength which take into account the contribution of brick
unit and mortar.
Kirtschigg [1985] derived an empirical formula by assuming that the modulus
elasticity is the controlling factor for different types of mortar, rather than the
strength.  The proposed formula is:
26.043.097.0 mobk Eff ? (2.1)
where fk is the characteristic compressive strength of masonry, fb is the mean
compressive strength of brick unit, and Emo is the elastic modulus of mortar (in GPa).
However, the effects of wall thickness and shape of brick unit are not considered.
Hendry and Malek [1986] introduced empirical equations that include the
effect of wall thickness to calculate the characteristic compressive strength of
masonry.  The equations for half-brick and full-brick wall panels are respectively:
208.0531.0242.1 mbk fff ? (2.2a)
234.0778.0334.0 mbk fff ? (2.2b)
where fm is the mean compressive strength of mortar.  Nevertheless, in these
equations, the effect of brick shape is neglected.
This equation has evolved, and a comprehensive empirical formula to predict
the characteristic compressive strength of brickwork masonry is adopted by BS EN
1996-1-1:2005 [2006] as follows:
3.07.0
mbk fKff ? (2.3)
where K is the thickness correction factor.  The recommended values of K are shown
in Table 2.1.  For masonry made with general purpose mortar where there is mortar
joint parallel to the face of the wall through or any part of the length of the wall, the
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values of K can be obtained by multiplying the values given in Table 2.1 by 0.8.
According to BS EN 1996-1-1:2005 [2006], the values fb and fm are to be taken not
greater than 75 MPa and 20 MPa, respectively, when units are laid in general purpose
mortar.  The normalized unit compressive strength, fb is modified by multiplying the
unit strength for different geometric proportions by a factor, ? in order to obtain the















where hb and Ab are respectively the height and the loaded area of the brick unit.
2.2.2 Stress-Strain Relation
Similar to concrete, the stress-strain relation for brickwork in compression is
an important factor in structural design, and numerous attempts have been made to
establish the character of the stress-strain curve as well as the Young’s Modulus.










where? is the stress induced for any strain ?, fk is the maximum stress in the masonry
and ?k is the corresponding strain.  Both the ascending and descending portions of the
curve can be obtained for high strength masonry.  However, the applicability of this
relation for low strength masonry has not been investigated.
Powel and Hodgkinson [1976] studied the stress-strain relation for four types
of masonry ranging from low to high strength in compression (see Figure 2.1a).  It is
observed in Figure 2.1b that the four curves plotted on a dimensionless basis are of
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the same form and in good agreement with that reported by Turnsek and Cacovic



















For structural design, the typical stress-strain relationship of masonry in
compression, which is non-linear, may be taken as linear, parabolic, parabolic
rectangular (see Figure 2.2), for the purpose of designing a masonry section (BS EN
1996-1-1:2005 [2006]).  The idealized diagram is an approximation and is not suitable
for masonry units demonstrating brittle failure, such as units with large holes.
2.2.3 Elastic Modulus of Masonry
The modulus of elasticity of masonry may be related to its compressive
strength on an empirical basis, with the values of Em ranging from 400 to 1000 times
the masonry compressive strength, fk, as reported by Plowman [1965] and Sahlin
[1971].  BS EN 1996-1-1:2005 [2006] generally specifies that the elastic modulus of
masonry may be taken as 1000fk in  structural  analysis.  On  the  other  hand,  MSJC
[2002] specifies that the modulus of elasticity value for the design of clay masonry
shall be taken as:
km fE 700? (2.7)
According to Hendry et al. [1997], this value will apply up to about 75% of the
characteristic compressive strength of masonry.
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2.3 FERROCEMENT LAMINATE IN TENSION
Similar to reinforced concrete, ferrocement is a composite material made up of
cementitious matrix and steel reinforcement.  The main difference between them is in
the  scale  of  the  constituents.   Reinforced  concrete  uses  bigger  steel  bars  and  a
concrete binder which contains larger aggregate, while ferrocement employs wires or
meshes and cement paste or mortar.  However, as both materials use similar matrix
and reinforcement, they obey the same principles of mechanics and can be modeled
according to the same theories.
For the purpose of designing ferrocement structures, it is important to
determine the mechanical properties of ferrocement.  As the design method of
ferrocement structures is similar to that of reinforced concrete, the assumption that the
contribution of concrete in the tension zone is negligible is applicable as well.  Hence,
it suffices to note that the tensile strength of ferrocement is limited by the tensile
strength  of  its  reinforcement  taken  alone  in  the  direction  of  loading.   Generally,  the
yield strength of steel meshes is used for design purpose.
The test methods for ferrocement are given by Naaman [2000] based on the
ACI’s  Guide  for  Design,  Construction,  and  Repair  of  Ferrocement  (ACI  Committee
549 [1993]).  The tensile test for ferrocement is addressed in this research study as it
deals with ferrocement laminate resisting the tension forces in the ferrocement-
strengthened masonry walls.
Square  or  rectangular  wire  meshes  can  be  tested  directly  in  tension  (Figure
2.3a); however hexagonal meshes and expanded metal meshes are to be tested while
being encapsulated in mortar (Figure 2.3b).  For square or rectangular meshes, the
tensile test can be conducted on specimens of single wires or flat coupons cut from
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the mesh in the direction of interest.  The tensile properties obtained include the yield
strength, elastic modulus, ultimate tensile strength, and corresponding yield and
ultimate strains.  The basis of determining these properties from the test result (stress-
strain or load-elongation curves) are illustrated in Figure 2.3.
2.4 FIBER REINFORCED MORTAR IN TENSION
In contrast to plain mortar, fiber reinforced mortar exhibits superior properties
such as notable enhancements in both flexural strength and ductility.  This is due to
the existence of discontinuous fibers that inhibit crack growth and provide bridging
forces between cracks.  It is therefore necessary to quantify the contribution of fiber
reinforced mortar to resist tensile stress such as in structural elements subjected to
bending.  With regard to this, the tensile stress-strain (???) relation is needed.
Many ?? relationships have been proposed based on either analytical or semi-
empirical  models.   Typically,  the  ??? curves  consist  of  two  portions,  as  shown  in
Figure  2.4.   The  first  portion  is  defined  as  the  elastic  regime.   In  this  region,  the
contribution of fibers is negligible; thus the cracking strength of the composite is
assumed to be equal to the tensile strength of the matrix.  The region after the matrix
has cracked is termed the post-cracking regime.  Depending on the volume fraction of
fibers incorporated, the behaviour of the stress-strain curve in the post-cracking range
can be in either of two different shapes, strain softening or strain hardening.  Strain
hardening behaviour can be achieved if the amount of fibers is large enough to resist
higher loads than the cracking load; in other words, the volume fraction of fibers is
higher than the critical volume fraction (Vf ? Vcr).  In practice, it is relatively difficult
to achieve this given that there is a limitation to the amount of fiber incorporation due
to workability reasons.
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This research deals with steel fiber reinforced mortar which is of strain
softening type.  In view of this, some relevant ?? relationships proposed in the
literature will be discussed hereafter.
2.4.1 Stress-Strain Model by Lim et al. [1987]
An idealized tensile stress-strain curve assuming the behaviour of steel fiber
concrete in tension as elastic-“perfectly plastic” was proposed by Lim et al. [1987].
The idealized curve as shown in Figure 2.5 consists of two portions, elastic or pre-
crack  zone  and  plastic  or  post-crack  zone.   In  the  elastic  regime,  the  simple  law  of
mixtures is applied.  In the post-cracking regime, the behaviour is described by
pulling out of fibers from the matrix based on bond-slip relationship.  Some analytical
equations to predict the elastic and post-cracking behaviour of steel fiber concrete
(SFC) were proposed.
The idealized curve can be constructed using the proposed equations to obtain
the defined parameters, as indicated in Figure 2.5.  The slope of the curve can be
calculated using the following expression:
fflmmtct VEVEE 0???? (2.8)
in which Ect and Emt are  the  tensile  modulus  of  elasticity  of  the  composite  and  the
matrix, respectively, Vm the matrix volume fraction,?l the length efficiency factor,?o
the orientation factor, Ef the fiber modulus of elasticity, and Vf the fiber volume
fraction.  The length efficiency factor?l is given by
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where lf and lc are respectively the actual and critical length of the fiber.  The critical
fiber length lc denotes the fiber length required to develop the ultimate fiber stress ?fu
in the fiber when a uniform ultimate bond stress ?u is assumed at the interface of fiber-






where df is  the  diameter  of  the  fiber.   The  orientation  factor ?o is  a  function  of  the













where 2/)/(sin;2/)/(sin 11 ???? ???? ?? ff lblh .
The elastic zone terminates when the strain reaches the cracking strain ?cr.  It
is  related  empirically  to  the  cracking  strain  of  the  matrix ?mp and  the  strain
proportionality limit of the fibers ?fp.
mpmpfpfolcr V ?????? ??? )(' (2.12)
The orientation factor is now 'o?  due to the realignment of fibers bridging the crack,













The post-cracking tensile strength ?tu, which is independent of the matrix
contribution, is related to the average ultimate pullout bond strength ?u of the fiber
from matrix.







' ???? ? (2.14)
where rf is the ratio of the fiber cross-sectional area to its parameter.
To justify the desired idealization, a limit  was set  on the useful extent of the
curve.  In this context, it can be defined as
*/ lutu ?? ? (2.15)
where 16/fu l?? and l* is a suitably chosen reference length; for example, in flexural
analysis l* can be set equal to the average crack spacing.
2.4.2 Stress-Strain Model by Lok and Xiao [1999]
A constitutive tensile stress-strain relationship model for SFRC as shown in



















































)(, t1 tutuf ???? ??? (2.16c)
where ft is the ultimate tensile strength; and ?t0 the corresponding ultimate strain.  The
ultimate tensile strength ft can be determined from direct tensile test, or predicted by
using the space concept (Kobayashi and Cho [1977]) or the composite concept
(Swamy et al. [1974]).  The residual strength ftu and corresponding strain ?t1 are given
by Lok and Pei [1998] as follows:





1 ?? ? (2.18)
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in which Vf, ?d, lf/df, and Ef are fiber volume fraction, bond stress, fiber aspect ratio,
and elastic modulus of the steel fiber, respectively.  The coefficient? is taken as 0.405
and 0.5 for beams and slabs, respectively.
2.4.3 Rilem TC 162-TDF [2003]
Rilem TC 162-TDF [2003] proposes a ?? relationship that uses results from a
standard Rilem beam-bending test to determine the peak stress and post-cracking
stresses (see Figure 2.7).  Strains corresponding to these stresses are empirically
estimated as fixed values.  The residual flexural tensile strength fR,i, which is an
important parameter characterizing the post-cracking behaviour of steel fiber
reinforced concrete, is determined by the result from CMOD (crack mouth opening










f ?       (N/mm2) (2.19)
The residual flexural tensile strengths fR,1 and fR,4 respectively, are defined at
the following crack mouth opening displacement (CMODi) or mid-span deflections
(?R,i):
(a) CMOD1 = 0.5 mm?R,1 = 0.46 mm
(b) CMOD4 = 3.5 mm?R,4 = 3.00 mm
where FR,i is the load recorded at CMODi or ?R,i (N) (see Figure 2.8); b the width of
the  specimen  (mm); hsp the distance between the tip of the notch and top of cross
section (mm); and L the  span  of  the  specimen  (mm)  (see  the  illustration  of  the  test
specimen in Figure 2.7).  The stress-strain curve can be obtained following the
expressions shown in Figure 2.9.  Taking into account the effect of structure
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dimension to its tensile stress-strain response, the size factor is introduced in Figure
2.9 where h is the height of beam.
2.5 SUMMARY
The above discussion provides the basis for studying the behaviour of each
constituent, that is, masonry, ferrocement, and fiber reinforced mortar, both as
individual and as an integral part of the structure, that is, a masonry wall strengthened
with ferrocement or fiber reinforced mortar overlays.  A laterally applied load will
result  in  bending  action  of  the  strengthened  wall  in  which  one  face  of  the  masonry
would be subjected to compressive force, whereas the other face including the
ferrocement or fiber reinforced mortar overlay resists the tensile force.  Accordingly,
characterizations of masonry in compression, ferrocement laminate in tension, and
fiber reinforced mortar in tension, have been reviewed and presented in Sections 2.2,
2.3, and 2.4, respectively.
Chapter 2: Literature Review
27
Table 2.1 Values of K for  characteristic  compressive  strength  of  masonry  (BS  EN
1996-1-1:2005 [2006])












Group 1 0.55 0.75 0.30 0.40
Group 2 0.45 0.70 0.25 0.30
Group 3 0.35 0.50 0.20 0.25Clay
Group 4 0.35 0.35 0.20 0.25
Group 1 0.55 0.80 ‡ ‡Calcium
Silicate Group 2 0.45 0.65 ‡ ‡
Group 1 0.55 0.80 0.45 0.45
Group 2 0.45 0.65 0.45 0.45
Group 3 0.40 0.50 ‡ ‡
Aggregate
Concrete




Group 1 0.55 0.80 0.45 0.45
Manufactured
Stone Group 1 0.45 0.75 ‡ ‡
Dimensioned
Natural Stone Group 1 0.45 ‡ ‡ ‡
‡ Combination of mortar/unit not normally used, so no value given.
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Figure 2.1 Stress-strain curves for masonry in compression: (a) four types of bricks
(Powell and Hodgkinson [1976]); (b) dimensionless stress-strain curves
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Figure 2.2 Stress – strain relationship of masonry in compression
(BS EN 1996-1-1:2005 [2006])
Figure 2.3 Typical tensile tests of wire mesh: (a) free mesh tested alone; (b) mesh
encapsulated in mortar (Naaman [2000])
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Figure 2.4 Typical stress-strain relationship of steel
fiber cementitious composite
Figure 2.5 Idealized tensile stress-strain curve (Lim et al. [1987])
Figure 2.6 Tensile stress-strain model (Lok and Xiao [1999])
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Figure 2.7 RILEM bending test (Rilem TC 162-TDF [2003])
Figure 2.8 Typical load – CMOD diagram (Rilem TC 162-TDF [2003])
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This chapter includes the characterization of material properties and the
analytical prediction of the ultimate load-carrying capacity of strengthened masonry
walls.  Simple analytical models were developed for punching shear failure in wall
specimens subjected to a concentrated load and flexural rupture failure of the
strengthening layer in walls subjected to uniformly distributed load.  The models were
verified by the results of the static load tests.
3.2 Characterization of Material Properties
 The stress-strain relations of the constituent materials can be obtained from
readily available equations.  However, where such constitutive law of the material has
not been established, it would be necessary to carry out laboratory tests to determine
its properties.
3.2.1 Compressive Behaviour of Masonry
Several formulas for the characteristic compressive strength of masonry have
been discussed earlier in Section 2.2.1.  As masonry is made of brick units and
mortar, these formulae include the contribution of both brick and mortar to the
characteristic compressive strength of masonry.
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In the present analytical study, the characteristic compressive strength of
masonry, fk, is calculated based on BS EN 1996-1-1:2005 [2006], given as:
? ? 3.07.0 mbk ffKf ?? (3.1)
where K is taken as 0.55 for clay bricks (refer to Table 2.1); and ? can be computed
from Eq. (2.4).  The compressive strength of brick units, fb, was obtained from
compressive tests on brick specimens in accordance to BS EN 772-1:2000 [2000].
For this test,  the normal brick unit  with a dimension of 72 mm × 95 mm × 215 mm
was cut at its length to obtain brick specimens with a dimension of 72 mm × 95 mm ×
100  mm.   The  brick  specimens  and  the  compressive  test  arrangement  are  shown  in
Figure  3.1.   On  the  other  hand,  the  compressive  tests  were  carried  out  on  100-mm
mortar cubes to obtain the compressive strength of masonry mortar, fm.
According to MSJC [2002], the elastic modulus in the design of clay masonry
may be taken as 700fk.  This  value  will  apply  up  to  about  75%  of  the  characteristic
compressive strength of masonry (Hendry et al. [1997]).
3.2.2 Behaviour of Steel Reinforcement in Tension
3.2.2.1 Skeletal Steel
The stress-strain relation of the skeletal steel reinforcement is simplified as
bilinear elastic-plastic with isotropic hardening, as shown in Figure 3.2.  The modulus
of elasticity, Ess,  is  given by the slope of the initial  linear elastic portion.  There are
two significant points on the stress-strain relation in Figure 3.2: the yield point and the
ultimate point.  The yield point is the point when the reinforcement reaches its yield
strength, fy,ss, corresponding to a yield strain, ?y,ss.  The ultimate point corresponds to
the fracture of the bar, when the steel reinforcement reaches its ultimate stress, fu,ss
with the maximum strain, ?u,ss.  These points can be obtained from tensile tests.
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3.2.2.2 Wire Mesh
The tensile properties of mesh reinforcement are determined from tensile test
of mesh coupons with the test set-up as shown in Figure 2.3.  The stress-strain relation
of the wire mesh is simplified as elastic-plastic, as shown in Figure 3.3.  For the
analytical study, the required tensile properties are the yield strength (fy,wm) and the
elastic modulus (Ewm).  Based on ACI Committee 549 [1988], these properties are
determined from the tests, as illustrated in Figure 2.3.  Details on the tensile tests will
be discussed later in Section 4.4.1.
3.2.3 Behaviour of Fiber Reinforced Mortar in Tension
To design with fiber reinforced concrete/mortar, the characteristic post-
cracking tensile strength shall be specified.  The specified strength should be
applicable over the range of deformation or crack width openings.  In the analytical
model, the stress-strain relation of steel fiber reinforced mortar (SFRM) was assumed
as elastic – “perfectly plastic” as proposed by Lim et al. [1987].  Following this
relationship, the post-cracking strength of SFRM is constant up to a definite crack
width or strain.  This assumption is based on the following considerations:
1. From a practical point of view, this assumption can simplify the calculation
with  little  error,  as  the  strengthening  layer  is  a  thin-wall  structure  with  a
thickness of only about 30 mm.
2. The wall specimens subjected to static load tests are in hyperstatic condition.
Hyperstatic situations are those of plate bending where the plane extension
and the bidirectional flow of stresses can obviate early local cracking; or of
tensile elements provided with a traditional integrative reinforcement, able to
compensate the stress decrease of the composite by means of the
contemporary stress increase in the steel.  In such situations, the descending
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trend in the post peak residual strength of fiber reinforced mortar can be
effectively and safely exploited by assuming it as a constant value (Failla et al.
[2000]).
The post-cracking tensile strength of SFRM, ?tu,sf, is obtained using Eq. (2.14).
Details of the calculation and parameters used are provided in the Appendix.
The mechanical properties of the steel fiber reinforced mortar or concrete have
been extensively studied since steel fibers was first introduced in early 1960.  It has
resulted in many constitutive laws and equations to characterize its behaviour, of
which some have been discussed in Chapter 2.  In contrast, the constitutive law for
hybrid fiber composites has not been established as the concept of fiber hybridization
has just been recognized and studied lately.  In addition, in hybrid fiber reinforced
composite, it is difficult to quantify the contribution of each type of fiber to the
properties  of  the  composite.   Hence,  the  post-cracking  tensile  strength  of  hybrid
reinforced mortar?tu,hf was taken from the test results obtained in this study.
3.3 Analytical Model for Ultimate Strength of Strengthened Masonry Walls
From the tests carried out on strengthened walls simply supported along four
sides, two possible failure modes have been identified.  These are punching shear
through the masonry and tensile rupture of the strengthening layer.  The former was
observed on the wall specimens tested under concentrated load, while the latter
occurred in walls subjected to uniform load.
3.3.1  Punching Shear Strength
In general, a masonry wall supported on four edges may fail by either
punching shear or flexure when it is subjected to static out-of-plane load at the centre
of the wall.  It is expected that strengthened masonry walls tested under concentrated
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loads would fail by punching shear, similar to the behavior of concrete slabs under
punching shear or concentrated load.  The mechanism of punching shear resistance of
masonry walls strengthened by ferrocement was investigated in the test programme.
An  equation  to  calculate  the  ultimate  punching  shear  strength  of  FRP-
strengthened masonry walls was proposed by Tan and Patoary [2004] based on the
British Standard BS 8110 [1997] code equation by considering the wall as analogous
to a steel-reinforced slab.  According to BS 8110 [1997], the punching shear strength
of a reinforced concrete slab is given by:
dufudvP ocuuu 2.1?? (3.2)
in which u is the critical punching shear perimeter, that is, u =  4(r +  3d); d, the
average effective depth to tensile reinforcement; fcu, the cube compressive strength of
concrete; and uo =  4r, where r is  the  width  of  the  square  loaded  area.   The  design












where As is the area of steel reinforcement; b and h are the width and the height of the
section under consideration, respectively.  The value of fcu should  not  be  taken  as
greater than 40 MPa.  For a value of fcu greater than 25 MPa, vu may be multiplied by
(fcu /25)1/3.
Modifications to the original equation by incorporating some parameters
obtained  from  masonry  wall  tests  result  in  the  punching  shear  strength  of  FRP-
strengthened masonry wall equation (Tan and Patoary [2004]) as follows:
? ? ? ? 4/13/1 /40010016.3 huhP equ ?? (3.4)
Chapter 3: Theoretical Considerations
38









where Efrp is the Young’s modulus of FRP reinforcement; Es is the Young’s modulus
of steel reinforcement; and Af is the area of FRP reinforcement.  The critical perimeter
for punching shear of FRP-strengthened walls was observed to be located at a
distance h from the perimeter of the loaded area, that is, u = 4(r + 2h), for a square
area with side dimension r.
In the case of ferrocement-strengthened walls, the critical perimeter for
punching shear was found to be at a distance of approximately d from the loading
periphery, where d is the effective depth to mesh reinforcement (refer to Figure 3.4),
based on the truncated conical shape of failure plane observed from concentrated load
tests on wall specimens (refer to Figure 3.4).  The critical punching shear perimeter is
thus given by
)2(4 dru ?? (3.6)
where r is the width of the loaded area.  By substituting Eq. (3.3) and Eq. (3.6) into
Eq. (3.2), the ultimate punching strength of a ferrocement-strengthened masonry wall
can be derived as:
? ?? ? ? ? 4/13/1 /400100216.3 ddrdPu ??? (3.7)
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3.3.2 Flexural Strength
Similar to reinforced concrete member in flexure, the ultimate moment of
resistance of a strengthened masonry wall section is derived based on strain
compatibility and force equilibrium.  In assessing the ultimate resistance of a cross-
section, the following assumptions were used:
a) plane  section  remains  plane,  hence  the  strain  distribution  across  depth  of  the
section is linear;
b) the stresses are derived from the respective constitutive laws, that is,  masonry,
reinforcements, and fiber reinforced mortar segment;
c) the ultimate compressive strain of masonry, ?cu is taken as 0.0035 for clay
masonry (Masonry Standards Joint Committee [2002]);
d) the conventional limitation of the tensile strain for fiber reinforced
concrete/mortar at the value 0.01  allows the determination of the ultimate
moment of resistance (Focacci and Mantegazza [2004]).  This limit is relevant
for structural elements solely reinforced by steel fibers as in walls
strengthened with steel fiber reinforced mortar overlays.  On the other hand,
the maximum strain at the position of reinforcement may be limited to 0.025
for steel fiber reinforced concrete additionally reinforced with bars (Rilem TC
162-TDF [2003]).
3.3.2.1 Ferrocement-Strengthened Wall
Consider a section of the wall with width b and thickness h, subjected to
bending, as shown in Figure 3.5(a).  The top portion of the masonry is subjected to
compression, while the tensile force is carried wholly by the reinforcing steel in the
ferrocement overlay, since the tensile resistance of mortar matrix and masonry may be
neglected.  Assuming rupture of the skeletal steel at ultimate, the compressive stress
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in the masonry could be given by a triangular distribution over the neutral axis depth
x; while the tensile force is the sum of the forces in the skeletal steel and wire mesh,
as shown in Figure 3.5(a).
The maximum compressive stress in the masonry, fcm, can be obtained as
mmcm Ef ?? (3.8)








in which ?u,ss is the ultimate strain of the skeletal steel bar, that is 0.015 (see Figure
4.1), and dss is the effective depth to the centroid of skeletal steel bar.  Equation (3.8)




















where b is the width of the section under consideration; on the other hand, the tension
force is contributed by skeletal steel and wire mesh, given by:
wmywmssuss fAfAT ,, ?? (3.12)
where Ass and fu,ss are respectively the cross sectional area and the ultimate tensile
strength of the skeletal steel reinforcement; and Awm and fy,wm are  respectively  the
cross sectional area and the yield strength of wire mesh.  The stress in the wire mesh
is calculated from the yield strength since ?y,wm??wm??u,wm.
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By substituting the known variables, Eq. (3.13) can be solved to obtain the depth of












where dwm is the effective depth to the centroid of wire mesh.
3.3.2.2 Steel Fiber Reinforced Ferrocement (SFRF)-Strengthened Wall
The procedure to calculate the moment resistant of ferrocement section also
applies  to  this  case.   The  compressive  zone  is  in  an  elastic  state  where  the
compressive stress is given by the triangular distribution (see Figure 3.5(b)) as the
rupture of skeletal steel has occurred before the masonry crushes.  In addition, the
tension force is contributed by not only steel reinforcement but also the steel fiber
reinforced mortar section.  The tensile strength of the steel fiber reinforced mortar is
taken as the post-cracking tensile strength (?tu,sf) which can be obtained from Eq.
(2.14) (see Appendix).
Similar to the ferrocement-strengthened wall, the compressive force acting in
the section can be obtained by Eq. (3.11); while the total tension force contributed by
SFRM, skeletal steel and wire mesh is given by
wmywmssusssftu fAfAtbT ,,, ??? ? (3.15)
where t is the thickness of the strengthening overlay.
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By substituting the known variables, Eq. (3.16) can be solved for the depth of neutral















xdtbxdfAxdfAM sfsftuwmwmywmssssussu ?  (3.17)
where dsf is the depth to the centroid of SFRM overlay.
3.3.2.3 Steel Fiber Reinforced Mortar (SFRM)-Strengthened Wall
Figure 3.5 (c) shows a section of the SFRM wall, with width b and thickness h
subjected to bending moment.  The compressive force on the section is resisted by
masonry, while the tension force is carried by the SFRM section.  The tensile stress in
the SFRM is assumed as the post-cracking tensile strength, ?tu,sf.
The compressive force acting in the section can be obtained by substituting






where ?sf is  the  strain  at  the  extreme  SFRM  fiber,  taken  as  0.01;  and h is the total
thickness of the wall section. The tension force contributed by SFRM is given by
tbT sftu ,?? (3.19)
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By substituting the known variables into Eq. (3.20) above, the depth of neutral axis x







xdbtM sfsftuu ? (3.21)
3.3.2.4 Hybrid Fiber-Reinforced Mortar (HFRM)-Strengthened Wall
A section of a hybrid fiber-reinforced mortar (HFRM) wall resisting the
applied bending moment is illustrated in Figure 3.5(d).  Again, the compressive stress
acting on the section is resisted by masonry, while the tension stress is contributed by
the tensile resistance of steel reinforcement and the post-cracking tensile strength of
the hybrid fiber reinforced mortar section.  As mentioned in Section 3.2.3, the tensile
post-cracking resistance ?tu,hf was obtained from the uniaxial tension test.
The compressive force acting in the masonry is given by Eq. (3.11).  On the
other hand, the contribution of HFRM and skeletal steel to the tension force in the
section is given by
ssusshftu fAtbT ,, ?? ? (3.22)










By substituting the known variables, Eq. (3.23) can be solved for the depth of neutral











xdtbxdfAM hfhftussssussu ? (3.24)
where dhf is the depth to the centroid of HFRM overlay.
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3.3.3 Ultimate Load-Carrying Capacity
In this section, two approaches for the analysis and design of reinforced
concrete slab systems are presented to predict the ultimate load-carrying capacity of
the strengthened-masonry wall.  They are the yield line method and strip method.  In
the  following  section,  the  methods  are  discussed;  and  the  equations  relevant  to  the
wall specimens in this study are derived.
3.3.3.1 Yield Line Method
In this method, the ultimate load of the wall specimen is estimated by
postulating a collapse mechanism that was identified from the laboratory tests.  The
yield line pattern obtained is shown in Figure 3.6.  The moments at the plastic hinge
lines are the ultimate moments of resistance of the section, and the ultimate load is
determined using the equilibrium equations.
For segment A of the yield line pattern shown in Figure 3.6, taking the












where mu is the ultimate moment of resistance per unit width; wu is the ultimate
uniformly distributed load per unit area; and r is the width of the square loaded area (r
= 5L/6).
Hence, the ultimate capacity of the strengthened walls can be derived as
292.25 L
mw uu ? (3.25)
Applying the moment of resistance calculated for the respective strengthening system
into Eq. (3.25), the ultimate load-carrying capacity of the panel can be predicted.
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3.3.3.2 Strip Method
A simple approach to obtain the ultimate load-carrying capacity of a wall
panel based on strip method is presented.  In this method, the panel was divided into
two strips at right angles to one another in beam mode to carry the imposed load.
Two conditions have to be satisfied for the panel analyzed by strip method (Ugural
[1999]):
1.   The mid-span deflection of the two orthogonal strips spanning the mid-
span must be equal.
2.    The  sum  of  the  load  resisted  by  each  strip  must  be  equal  to  the  load
applied.
Consider the strengthened-masonry wall, simply supported on all four sides,
measuring Lx and Ly in the x and y directions, respectively, and subjected to an applied
load at the center of the slab over a rectangular area of rx ? ry (see Figure 3.7).
Neglecting  torsional  effects,  the  load  can  be  considered  to  be  carried  by  two strips,
that is strip x-x and y-y, each spanning in the x and y directions.  Denoting the loads
carried in the x and y directions by ?xPu and ?yPu, respectively, the required moment















































Chapter 3: Theoretical Considerations
46
Given that both the panel and the loading area have equal sides, that is, Lx=Ly=L and
rx=ry=r, respectively, by symmetry the mid-span moment in both directions will be





Applying the moment of resistance calculated for the respective strengthening system
into Eq. 3.28, the ultimate load-carrying capacity of the panel can be predicted.
3.4 Summary
The characterization of the material behaviour, that is, masonry in
compression, ferrocement in tension; and fiber reinforced mortar in tension, has been
described.  These are the essential parameters used to define the response of
strengthened masonry walls to lateral load.
Based on the possible failure modes, simple analytical methods for ultimate
strength were established for walls with four different strengthening systems.  The
equation to predict the punching shear strength of ferrocement-strengthened wall was
obtained by modifying the formula in BS 8110 [1997] for punching shear capacity of
reinforced concrete slabs.  For flexural strength, a section analysis similar to that of a
reinforced concrete section was presented, which enables the moment capacity to be
calculated;  and hence, the ultimate load-carrying capacity of the strengthened walls
failing in flexure to be evaluated by both the yield line and strip method.
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(a) (b)
Figure 3.1 Compressive test on brick units: (a) Brick specimens; (b) Test set-up
Figure 3.2 Idealized stress-strain relationship of skeletal steel
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Figure 3.4 Critical punching shear perimeter
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Figure 3.5(b) Section analysis of SFRF-strengthened wall under bending
Figure 3.5(c) Section analysis of SFRM-strengthened wall under bending
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Test Programme on Masonry Walls
4.1 GENERAL
The main objective of this research study is to determine the feasibility of
using ferrocement and fiber reinforced mortar overlays in strengthening unreinforced
masonry walls against out-of-plane actions.  To achieve this objective, a series of
laboratory testing programs were carried out.  The test specimens consisted of
unstrengthened and strengthened masonry wall panels.  The main variables evaluated
in the investigation included the strengthening systems, loading types, reinforcement
types,  and  reinforcement  ratios.   In  addition  to  the  wall  tests,  several  material
properties tests were performed to characterize the mechanical properties of each
constituent material, that is, masonry, ferrocement, and fiber reinforced mortar.
4.2 MATERIALS
4.2.1 Brick
All walls were constructed using solid clay bricks having a dimension of 72
mm× 95 mm × 215 mm.  The bricks were laid in running bond with a mortar joint of
about 10 mm in thickness.  Compressive tests in accordance to BS EN 772-1:2000
[2000] were carried out to determine the strength of brick units.  The average
compressive strength of five brick unit sample was found to be 37.8 MPa with the
standard deviation of 2.3 MPa.
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4.2.2 Masonry Mortar
The cement  in  all  mortar  mixes  was  ASTM Type  I  normal  Portland  cement.
The sand was natural river sand with a specific gravity of 2.65.  The masonry mortar
was made with a cement-to-sand proportion of 1:3 by volume.  Similar to construction
practices, the water content is determined by the masons to achieve optimal
workability.  The water/cement ratio satisfying the optimum workability, which was
about 0.5, was kept unchanged for all the mortar mixes.  Based on three 100-mm cube
specimens, the mortar achieved an average cube compressive strength of 24.0 MPa
for  Series  I  and  II,  37.6  MPa  for  Series  III,  and  33.1  for  Series  IV  walls  with  the
standard deviations of 0.5, 0.9 and 0.9 MPa, respectively at the time of wall testing.
4.2.3 Continuous Reinforcement
Two types of continuous steel reinforcement were used to reinforce the
strengthening  overlay.   They  were  skeletal  steel  consisting  of  6-mm  diameter  bars
welded in orthogonal directions with 150-mm square openings, and galvanized wire
mesh with 1.25-mm wire diameter and 12.5-mm square openings.  The average yield
strength and ultimate strength of the skeletal steel obtained from tensile tests of three
samples of the steel bar in accordance to ASTM A370-05 [2005] was 650 (at 0.2%
offset) and 700 MPa, respectively. The stress-strain relation of skeletal steel bar is
shown in Figure 4.1.
As for the wire mesh, three tensile coupons were prepared and tested in
tension based on the ACI’s Guide for Design, Construction, and Repair of
Ferrocement (ACI Committee 549 [1993]).  The average yield strength of wire mesh
was found to be 369 MPa from the stress-strain curves, as shown in Figure 4.2.
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4.2.4 Discrete Fibers
Steel  and  polypropylene  (PP)  fibers  were  added  to  the  mortar  mix  to  obtain
fiber-reinforced mortar.  Steel fibers were of the hooked-end type with a 35-mm
length and 0.75-mm diameter.  As for PP fibers, a monofilament type with a 10-mm
length and 12-?m diameter was chosen.  The detailed properties of the two fibers are
shown in Table 4.1.
4.3 STRENGTHENING SYSTEMS
Four strengthening systems using cementitious composites, namely, (a)
ferrocement, (b) steel fiber reinforced ferrocement, (c) steel fiber reinforced mortar,
and (d) hybrid fiber reinforced mortar were studied.  The composite consisted of the
mortar matrix reinforced with continuous reinforcement (that is, skeletal steel and/or
wire mesh), and discrete fibers (that is, steel fibers and/or PP fibers).  A 30-mm-thick
overlay consisting of one of these composites was fixed to the tension face of a
masonry wall to enhance its strength and ductility under static lateral load.  The
details of the four types of strengthening systems are given in the following.
4.3.1. Ferrocement
The mix proportion specified for the ferrocement system was 1:2 by weight of
cement to sand with a water-cement ratio of 0.5.  It was reinforced by skeletal steel
and wire meshes which are in form of a grid of steel bar or wires, respectively.
Skeletal steel contributes significant resistance to bending and punching shear.  In
contrast, wire mesh contributes to a lesser extent to the strength of ferrocement, but it
adds very much to the specific surface of reinforcement which is important for crack
control.
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4.3.2. Steel Fiber Reinforced Ferrocement
The excellent properties of ferrocement such as strength, toughness, impact
resistance, and crack control can be further improved by incorporating steel fibers into
the mortar matrix (Naaman [2000]).  Hence, the effect of adding 0.5 percent by
volume fraction of short discontinuous steel fibers into the mortar was studied.  For
comparison purpose, the mix proportion for the mortar was kept the same as for the
ferrocement system.
4.3.3. Steel Fiber Reinforced Mortar
Hooked-end steel fibers ranging from 1.0 to 2.5 percent of volume fraction
were added to obtain steel fiber-reinforced mortar.  In this composite, steel fibers
were used as the main reinforcement without any continuous reinforcement within the
matrix.  The ratios of cement to sand and water to cement were specified as 1:2 and
0.4 by weight, respectively, for the matrix.
4.3.4. Hybrid Fiber Reinforced Mortar
The synergy effect between steel fibers and polypropylene fibers was also
studied.  The test parameter was the volume fraction of fibers.  The quantities of steel
fibers employed were 0.5 and 1.0 percent; and the quantities of PP fibers included 0,
0.5 and 0.75 percent.  The cement-sand-water ratio was 1:2:0.4 by weight.  Silica
fume and superplasticizer were added to improve workability at 7.5 percent and 1.5
percent, respectively, by weight of the cement.
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4.4 UNIAXIAL TENSION TESTS
4.4.1 Mesh Reinforcement
Tensile tests were carried out to determine the yield strength fy,wm, yield strain
?y,wm, and elastic modulus Ewm of  wire  mesh.   The  tests  were  performed  using  wire
mesh coupons having a size of 50 mm ? 300 mm as shown in Figure 4.3(a).  The
direction of testing is not a concern as the wire mesh has a square grid.  Each end of
the specimen was reinforced with two pieces of 1-mm thick aluminum plates each
measuring 40 mm × 50 mm using epoxy as in-fill material, so as to facilitate gripping
during the test.
The test set-up is shown in Figure 4.3(b).  Hydraulic grips were used to hold
the  tensile  specimen  at  both  ends.   The  specimen  was  then  loaded  at  a  rate  of  0.1
mm/minute.  In order to measure the elongation of the specimen over the gauge length
of 100 mm, two linear variable differential transducers (LVDTs) were mounted on
specially-design yokes, which were fastened to the wire mesh at the top and bottom
edges of the gauge length.  From the reading of the applied load and elongation during
the test course, the load-versus-elongation curve was obtained as illustrated in Figure
4.2.
4.4.2 Fiber Reinforced Mortar
As the strengthening overlays are regarded as thin-walled composites, it is
more relevant to characterize the strength of such material using uniaxial tensile test.
In terms of the fiber orientation which basically determines the strength of fiber
composites, the tensile specimens in such test can represent the actual one in the
strengthened masonry wall system, given that similar thickness is used and size effect
is therefore eliminated.
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4.4.2.1 Specimen Preparation
The uniaxial tensile tests were performed on specimens having a size of 80
mm ? 250 mm ? 30 mm, as shown in Figure 4.4(a).  All specimens were cast in
wooden  moulds  using  the  same  mixes  as  the  SFRM  or  HFRM  overlays  for  the
strengthened masonry wall system.  They were cured in the same manner as the wall
specimen, as described later.
The specimens were tested in direct tension by means of a special loading
fixture which minimizes possible bending of the tension specimen.  Two steel plates
measuring 80 mm ? 50 mm ? 5 mm were attached to each end of a specimen using
epoxy to  avoid  the  crushing  of  the  matrix  near  the  hole  due  to  stress  concentration.
The specimen had a test length of 150 mm in between the end plates.
4.4.2.2 Test Set-up and Instrumentation
The setup for the tensile test is shown in Figures 4.4(b) and 4.5.  Two identical
loading fixtures were used: one was attached to the base of the MTS machine, the
other  was  connected  to  actuator.   The  specimen,  with  a  hole  at  each  end,  was
connected to the loading fixture using a 25-mm-diameter steel pin.  The end of the
specimen was restrained from rotation to avoid possible bending effect in the
specimen (see illustration in Figure 4.5). This allows a uniform tensile stress
throughout the cross section of the tensile specimen to be obtained.
To measure the elongation over a specific gauge length, two types of
displacement transducers namely, Linear Variable Differential Transducer (LVDT)
and ?-shaped displacement transducer (Omega transducer) were used.  A total of four
transducers, two from each type, were attached on the shorter sides of the specimen as
shown in Figure 4.5.  The LVDTs were fixed symmetrically on a square yoke
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mounted on the test specimen, while the Omega transducers were secured by bolts
which were glued to the specimen surface before the start of tests.  The LVDTs and
omega transducers were set for a gauge length of 120 mm and 150 mm, respectively.
It was observed from the experiments that a single crack appeared beyond the gauge
length of the LVDT in some specimens.  Hence, the strain values for all tensile
specimens were taken from the readings of the omega transducers.
4.4.2.3 Test Procedure
After  all  the  transducers  were  mounted,  the  specimen  was  set  in  the  test
machine and pin-connected to two loading fixtures at two ends.  The specimen was
then loaded using displacement control at a rate of 0.075 mm/min throughout the test.
With the increment of the tensile load, the load-versus-extension curves recorded for
all the displacement transducers can be obtained.
4.5 STATIC LOAD TESTS ON MASONRY WALL SPECIMENS
4.5.1 Test Series
The test specimens were grouped into four series as shown in Table 4.2.
Seventeen wall specimens, each measuring 1 m by 1 m on plan and 115 mm in
thickness, as shown in Figure 4.6, were constructed.  They consisted of 15
strengthened and two unstrengthened walls.  All the strengthened walls were
reinforced with a 30-mm thick overlay of various types on the tension face.  The
strengthening systems are shown in Figure 4.7.  All specimens in Series I were tested
under a concentrated load whereas specimens in Series II, III, and IV were subjected
to a uniform load using an airbag.
In Series I, three masonry wall specimens were studied for punching shear
resistance.  A ferrocement overlay was used as external reinforcement for two wall
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specimens (F11P and F12P) while one unreinforced wall (RP) served as reference
(Figure 4.7a).  The ferrocement overlays were reinforced with a layer of skeletal steel
with a volume fraction of 1.31 percent and one or two layers of fine wire meshes with
volume fractions of 0.65 or 1.30 percent, respectively.
Series II consisted of five wall specimens, two of which were strengthened
with a ferrocement overlay (F11 and F12), another two with a steel fiber-reinforced
ferrocement overlay (FS10 and FS11) (see Figure 4.7b), and the remaining
unstrengthened wall serving as a reference (RU) specimen.  The reinforcements in
specimens F11 and F12 were identical to specimens F11P and F12P, respectively.
Besides skeletal steel and wire mesh, steel fibers with a volume fraction of 0.5% was
incorporated into the ferrocement overlays of FS10 and FS11.  Specimen FS10 had
only skeletal steel similar to F11 as continuous reinforcement while FS11 had the
same continuous steel reinforcements (skeletal steel and wire mesh) as F11.
In Series III, a steel fiber-reinforced mortar overlay with fiber volume fraction
ranging from 1 to 2.5 percent in steps of 0.5 percent was used to strengthen four walls
(S1  to  S4)  (see  Figure  4.7c).   Series  IV  comprised  five  walls  strengthened  with  an
overlay that was reinforced with different combination of skeletal steel bars, short
steel fibers and polypropylene (PP) fibers (Figure 4.7d).  The walls were designated
H00-sp and H10-sp for walls without and with skeletal steel bars respectively, with
“s” denoting the volume fraction of steel fibers (in “0.5s” percent) and “p” the volume
fraction of polypropylene fibers (in “0.25p” percent).  Note that specimen FS10 could
be identified as an additional specimen H10-10 in Series IV.
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4.5.2 Preparation of Wall Specimens
All walls were laid in running bond with a mortar joint of about 10 mm in
thickness (see Figure 4.6).  The bricks were first soaked in water overnight until they
became fully saturated before being used.  Following construction practices, both
faces of each wall were plastered with a 10-mm thick cement mortar.  One face of the
wall, that was to be strengthened later, was roughened by brushing the wet mortar
with a wire brush to ensure good bond between the wall and the strengthening
overlay.  The completed walls were covered with plastic sheets to prevent rapid water
evaporation from the mortar.  The walls were left in the laboratory for seven days for
the mortar to gain sufficient strength before they were prepared for strengthening.
The procedure of strengthening URM walls is described herein.  First, the
masonry wall was laid horizontally to facilitate the casting of the overlay.  This differs
from the actual practice where the overlay would be cast vertically and may result in
better bond between the overlay and the wall.  Nevertheless, the difference is not
considered in this study.  The top face of the wall was cleaned from dirt and dust that
may affect the bond between the wall and the strengthening overlay.  Continuous
reinforcements were then placed on to the top face of the wall.  Spacers were used to
keep the distance between wall surface to the skeletal steel and from the skeletal steel
to wire mesh.  For ferrocement-strengthened wall, the skeletal steel was placed first,
followed by the wire mesh, as shown in Figure 4.7(a).  Subsequently, the mould for
the overlay was prepared using wooden planks that flanked the perimeter of the wall.
The wooden planks were set protruding 30 mm from the surface of the wall to allow
for the thickness of the strengthening overlay.
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The next step was the casting of plain cement mortar for ferrocement or fiber-
reinforced mortar.  The proportions of cement-to-sand for all mixes were 1:2 by
weight.  The w/c ratio was 0.5 for ferrocement, and 0.4 for SFRM and HFRM.  Silica
fume and superplasticizer were added into hybrid fiber-reinforced mortar mixes to
improve the workability of the mix.  All mixes were prepared in a conventional blade-
type pan mixer.  The complete mixing procedure for fresh mortar mixtures containing
steel fibers and PP fibers is shown in Figure 4.8, where the mixing procedure for
ferrocement mortar and SFRM was part of it.  After all the ingredients had been
thoroughly mixed, the mix was poured into the mould.  A vibrator was used to
compact the matrix and eliminate air bubbles that were trapped inside.  Finally, the
mortar was leveled following the height of the mould to give a 30-mm-thick
strengthening overlay.
After one day, the wooden planks were removed and the wall would be cured
for 7 days by covering the surface of the overlay with wet gunny sacks.
Subsequently, the specimens were left in the laboratory environment at 28°C and 75%
R.H. until they were subjected to static load test at an age not less than 28 days.
4.5.3 Test Set-up and Instrumentation
An overview of the test set-up is shown in Figure 4.9(a) for Series I
specimens and in Figure 4.9(b) for Series II, III, and IV specimens.  Each wall was
laid horizontally with the strengthened face facing downwards, and simply supported
along all four edges on round steel bar supports with corners free to lift and free to
rotate about the support axes.  The effective span in each direction was 900 mm.
For  Series  I  specimens,  a  concentrated  load  over  an  area  of  100  mm ? 100
mm was applied at the centre of the wall through a spherical seated platen by means
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of a servo-hydraulic jack as shown in Figure 4.10(a).  The load was applied using a
displacement control hydraulic jack at a constant rate of 0.3 mm/min.
For Series II, III, and IV specimens, a uniformly distributed load was applied
over a square loading area of 750 mm by 750 mm at the centre of the walls using a
Kevlar-reinforced airbag of size 930 mm by 930 mm.  The airbag was placed in
between the wall specimen and a 25 mm thick steel plate of side dimension 950 mm
by 950 mm attached to the MTS hydraulic jack head as shown in Figure 4.10(b).  In
order to obtain a constant loading area, the distance between the wall specimen and
steel plate was kept constant at 110 mm throughout the test while the airbag was
inflated using compressed air.  The loading rate was controlled by the increase of
pressure inside the airbag which was 2 kN/min, approximately.
To obtain the global displacement of the test specimen during the loading test,
one linear variable differential transducer (LVDT) was attached at the bottom of the
wall  at  its  centre.   A total  of  six  strain  gauges  were  attached  to  the  skeletal  steel  in
both orthogonal directions to monitor the strain development.  The position of strain
gauges is shown in Figure 4.11.  As the wall was being loaded to failure, the applied
load, strains in reinforcement, and deflections were monitored using data acquisition
devices.
4.6 Summary
This chapter has provided a comprehensive description of the test programme
of this research investigation.  The materials used have been described and their
design properties have been defined using either established equations or laboratory
tests. Four strengthening systems employed were described. The uniaxial tension tests
were carried out on mesh reinforcement of ferrocement and fiber reinforced mortar to
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obtain their tensile properties. In addition, the static wall tests were carried out in four
series of test to evaluate the performance of the strengthening systems.
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Table 4.1 Properties of fibers
Steel Polypropylene (PP)
Type Hooked-end Monofilament
Length (mm) 35 10
Diameter (?m) 750 12
Density (g/cm3) 7.8 0.92
Modulus (GPa) 200 6 to 7
Tensile strength (MPa) 1100 850
Table 4.2 Detail of wall specimens
* C= cement; S= sand; W= water; SP= Superplasticizer; SF= silica fume.






Vf,ss Vf,wm Vf,sf Vf,pf Vf
fcu
(MPa) Remarks*
RP - - - - - n.a. n.a.
F11P 1.31 0.65 - - 1.96 52.9I
F12P 1.31 1.30 - - 2.61 52.9
C:S:W=1:2:0.5
RU - - - - - n.a. n.a.
F11 1.31 0.65 - - 1.96 52.9
F12 1.31 1.30 - - 2.61 52.9
FS10 1.31 - 0.5 - 1.81 53.8
II
FS11 1.31 0.65 0.5 - 2.46 53.8
C:S:W=1:2:0.5
S1 - - 1.0 - 1.00 58.9
S2 - - 1.5 - 1.50 55.6
S3 - - 2.0 - 2.00 56.7
III
S4 - - 2.5 - 2.50 57.6
C:S:W=1:2:0.4
H00-22 - - 1.0 0.50 1.50 69.7
H10-20 1.31 - 1.0 - 2.31 63.6
H10-13 1.31 - 0.5 0.75 2.56 65.0
H10-22 1.31 - 1.0 0.50 2.81 69.7
IV
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?y ,wm = 0.5% ?u,wm = 6%
Figure 4.2 Stress-strain relation of 1.25-mm diameter wire mesh




Figure 4.3 Tensile test of mesh reinforcement: (a) wire mesh coupon reinforced at
both ends; (b) tensile test set-up and instrumentation
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Figure 4.4 Direct tension test of fiber reinforced mortar: (a) tensile
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Figure 4.5 Detailed test set-up for direct tension test of fiber reinforced mortar
Omega transducer 1
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Figure 4.6 Plan view and side view of URM
Figure 4.7(a) Masonry wall strengthened with ferrocement overlay
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Figure 4.7(b) Masonry wall strengthened with SFRF overlay
Figure 4.7(c) Masonry wall strengthened with SFRM overlay
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Figure 4.7(d) Masonry wall strengthened with hybrid fiber reinforced mortar overlay
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Figure 4.9 Test set-up: (a) concentrated load test; (b) uniformly distributed load test
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Figure 4.10(b) Test set-up for Series II, III, and IV specimens
Figure 4.11 Strain gauge configuration
74
Test Results and Discussion
5.1 General
Test results obtained from tensile tests on reinforcing steel and fiber reinforced
mortar, and the static load tests of masonry walls are discussed herein.  The effect of
different strengthening systems on the performance of strengthened masonry walls
with respect to several test parameters, that is, loading type, strengthening system,
reinforcement  type,  and  volume  fraction  of  reinforcement,  is  also  discussed.   Then,
the results obtained from the laboratory investigation of the four strengthening
systems in the current study are compared with FRP-strengthening system
investigated by Tan and Patoary [2004].
5.2 Tensile properties of reinforcing steel
Tests  on  skeletal  steel  bars  were  carried  out  to  obtain  the  tensile  properties.
The stress-strain relation of the skeletal steel bars is obtained as shown in Figure 4.1.
Based on the offset method (ASTM A370-05 [2005]), the yield strength of the
skeletal steel bars at 0.2% offset was found to be 650 MPa.  In addition, the ultimate
tensile strength and strain were found to be 700 MPa and 0.015, respectively.
 Tensile tests were also performed on wire mesh coupons to determine the
yield strength.  From the stress-strain relation shown in Figure 4.2, the average yield
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strength  of  wire  mesh  was  obtained  as  369  MPa,  according  to  ACI  Committee  549
[1988].
5.3 Tensile properties of strengthening overlays
The stress-strain relations obtained from the direct tension test of SFRM and
HFRM are shown in Figures 5.1 and 5.2, respectively, in which the stress and strain
are taken as the load and extension readings divided by the cross sectional area of the
specimen and the specified gauge length, respectively.  Some cracks were found on
the specimens in the region outside the gauge length, and thus the results were
excluded  from  the  plots.   The  tests  were  stopped  at  an  extension  of  about  2  mm
corresponding  to  a  strain  of  1.33%  as  that  is  the  range  of  practical  interest  and
usefulness.  It is to be noted that the ultimate strength, which is an important
parameter in the design, is reached almost immediately after cracking.  Upon the
cracking of the tensile specimens, the curves show a slightly declining post-cracking
branch in the domain of interest. The post-cracking tensile strength,?tu, is obtained as
shown in Figures 5.1 and 5.2.
The experimentally derived?tu,sf values are compared with predicted values by
Eq. (2.14) (see Appendix) in Figure 5.3.  It is seen that Eq. (2.14) estimates the post-
cracking tensile strength of SFRM conservatively.
5.4 Out-of-Plane Behaviour of Strengthened Masonry Walls
5.4.1 Load-Deflection Characteristics
Figure 5.4 to Figure 5.7 show the load-deflection curves from the static load
tests of masonry wall specimens.  The curves for Series I specimens are different from
those of Series II, III and IV, particularly in the region beyond the peak load.  Curves
for  Series  I  specimens  which  were  subjected  to  a  concentrated  load,  show  a  rather
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sharp decrease in load-carrying capacity of the specimens.  However, the load-
deflection curves for Series II, III, and IV specimens, which were subjected to
uniform loading, reveal a relatively steady load-carrying capacity at ultimate,
indicating a ductile response.
Series I: Walls strengthened with ferrocement overlays, tested under a central
concentrated load
The load-deflection response of ferrocement-strengthened masonry walls
tested under a 100 mm ? 100 mm concentrated load is shown in Figure 5.4.  Three
wall specimens consisting of one un-strengthened (RP) and two strengthened walls
(F11P and F12P) were tested in this series.  As described earlier, a sharp decline in the
load  versus  deflection  curve  indicates  that  the  punching  shear  capacity  of  the  wall
specimen has been exceeded and the loading plate has penetrated into the masonry
layer.  The stresses were then transferred to the ferrocement layer which is shown by a
gradual decrease of the curve.  Finally, the horizontal end portion of the curve shows
that the load is fully resisted by the ferrocement layer which started to delaminate
from the wall.
Referring to the load-deflection relationship, the behaviour of ferrocement-
strengthened walls in Series I can be summarized as follows:
1. It  can  be  seen  that  specimen RP failed  in  a  relatively  low load  of  20  kN,  while
both strengthened walls exhibited a much higher capacity at failure, which was
134 kN and 155 kN for specimen F11P and F12 P, respectively.
2. Wall F12P with a higher reinforcing steel ratio in the ferrocement overlay
possesses higher stiffness after cracking and prior to attainment of peak load.
3. Wall F12P is also less ductile than F11P at the ultimate limit state.
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4. Significant enhancement is evident in deformation capacities of ferrocement-
strengthened wall compared to the unstrengthened wall.
Series II: Walls strengthened with ferrocement and fiber reinforced ferrocement
overlays, tested under uniformly distributed load
The load-deflection curves shown in Figure 5.5 illustrate the effects of various
volume fractions of reinforcement and the addition of steel fibers in the strengthening
overlay.  Yielding of reinforcement bars was shown by the extended horizontal part of
the curves before failure.  The test results showed that:
1. Compared to the reference wall (RU), the stiffness, the load-carrying capacity and
the ductility (defined by the extent of the plateau of the curve) of the strengthened
walls were greatly enhanced.
2. A higher volume fraction of reinforcement in the form of fine wire mesh led to a
higher load-carrying capacity and a correspondingly lower ductility, as indicated
by walls F11 and F12, although in the former wall, early debonding of the
ferrocement laminate from the wall was observed.
3. Compared with F11, the addition of steel fibers in FS11 resulted in higher initial
stiffness but lower ductility of the wall.
4. For approximately the same total volume of reinforcement, wall F12 (Vf = 2.61%)
performed better than specimen FS11 (Vf = 2.46%) in terms of initial stiffness,
ultimate strength and ductility; whereas F11 (Vf = 1.96%) performed better than
specimen FS10 (Vf = 1.81%) only in terms of ductility, partly because of the
unexpected debonding of overlay in F11.  For higher total volume fraction of
reinforcement, it appears that fine wire mesh is preferable over steel fibers due to
the mixing problem associated with steel fibers.
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Series III: Walls strengthened with steel fiber reinforced mortar overlays
Unlike composites with continuous steel reinforcement that failed mainly due
to yielding, steel fiber reinforced mortar failed due to the pullout of fibers from the
matrix.  Despite this, the walls still failed in a ductile manner.  From Figure 5.6, it can
be seen that:
1. The load-carrying capacity of the walls increased with an increase in volume
fraction of steel fibers.  The capacity of wall S4 (Vf = 2.5%) of 291 kN was
moderately lower than 372 kN of FS11 (Vf = 2.46%).
2. The maximum deflections were independent of the volume fraction of fibers and
ranged from 4 to 4.5 mm.  These were much lesser than the values observed in
walls with ferrocement overlays.
Series IV: Walls strengthened with hybrid fiber reinforced mortar overlays
In general, the load-deflection curves (Figure 5.7) show similar behaviour as
that of specimens in Series II and III discussed earlier.  Figure 5.7 shows that:
1. All walls except H00-22 exhibited higher initial stiffness, ultimate strength,
maximum deflection and ductility than walls strengthened with ferrocement or
steel fiber reinforced mortar overlays.
2. Wall H00-22 that was strengthened with an overlay having discrete steel and
polypropylene fibers only exhibited considerably lesser load-carrying and
deformation capacities compared to other specimens in this Series.
3. A higher volume fraction of discrete fibers led to higher load-carrying and
deformation capacities; however, an increase in volume fraction of polypropylene
fibers above 0.5% appears to have no beneficial effect, as indicated by H10-22
and H10-23.
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5.4.2 Strain Development
The strain readings for Series I, Series II, and Series IV specimens are plotted
in Figures 5.8, 5.9, and 5.10, respectively.  In general, the strain values do not
increase linearly with the applied loads.  However, they show characteristics that
resembled the load-deflection curves.  Some inconsistencies and erratic trends were
encountered, which could be due to damaged strain gauges.  Those particular load-
strain curves were not included in the figures.
It was observed that the readings of the strain gauges located nearer to the
centre of the wall specimen exhibited higher values than those further away.  This
implied  that  the  highest  curvature  occurred  at  the  centre  of  the  specimen  and  it
decreased  at  positions  further  away  from  the  centre.   In  addition,  as  masonry  is  an
anisotropic material and due to the unequal depth of skeletal steel bars in orthogonal
directions,  a  pair  of  strain  gauges  that  are  placed  orthogonal  to  each  other  and
equidistant from the centre of the specimen, that is, strain gauges 1 and 4, 2 and 5, 3
and 6, displayed dissimilar results.  The strain gauges located on the steel bar which is
orthogonal to the bed joint tend to give higher strain values.
Comparing each individual strain gauge of wall specimens under concentrated
load (F11P and F12P), the strain recorded for F11P were higher than F12P under a
specific load level.  It is reasonable as specimen F11P which has a lower
reinforcement ratio possesses lower stiffness than specimen F12P.  This behaviour
was also evident for specimens tested under a uniformly distributed load in which a
specimen that possess higher reinforcement ratio had lower strain values, except for
specimens H10-22 and H10-23 which have relatively similar load-deflection
behaviour.
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5.4.3 Failure Characteristics
Basically, two types of failure modes were identified during the static load
tests of masonry walls. These were punching shear and flexural failure, as shown in
Figures 5.11 and 5.12, respectively.
Walls subjected to a concentrated load of 100 mm ? 100 mm failed in
punching shear.  This is because the load was applied on a small area; and with an
increase in the applied load, stress concentration occurred at the perimeter of the
loading area, causing the loading plate to punch through the masonry.  In the load
versus deflection curve (Figure 5.4), this failure mode is characterized by a sharp drop
at the peak load once the square loading plate penetrates through the masonry layer.
The critical perimeter on the top surface of the slab is the same as that of the loading
plate while, at the interface between masonry and ferrocement, the critical perimeter
was much bigger.  An inclined shear failure plane with a conical shape was formed.
Flexural failure due to rupture of skeletal steel was observed for all specimens
strengthened with an overlay containing continuous reinforcement in the form of
skeletal steel; and subjected to uniform loads.  Prior to rupture, yielding of the skeletal
steel is evident from the load-deflection curve where it shows a horizontal portion.
This is regarded as a ductile behaviour, which is favorable.  The final failure was
however accompanied by a loud bang as the reinforcement bars gave way and the
airbag released the pressure that penetrated through the masonry and the
strengthening layer.
A different form of flexural failure was shown by SFRM-strengthened
masonry  walls  subjected  to  a  static  uniformly  distributed  load,  that  is,  by  tensile
rupture of SFRM due to pullout of steel fibers.  Fiber reinforced composites typically
Chapter 5: Test Results and Discussion
81
fail in this manner as its resistance relies on the bond strength between the fiber and
the matrix.  Pullout of fibers occurs when the matrix has cracked and all the stress is
carried by the pullout resistance of steel fibers bridging the cracks.  As the crack
widens, the pullout resistance reaches its ultimate value at a certain crack width.
Subsequently,  the  specimen  fails  as  the  applied  load  exceeds  the  resistance.   In  the
wall specimens, a loud bang was also heard whereby the load-carrying capacity
dropped drastically to almost zero.
5.4.4 Comparison between Test Results and Theoretical Predictions
Using the analytical model presented in Chapter 3 with the characterized
material properties specified earlier, the predicted failure loads of the strengthened
masonry  wall  specimens  were  obtained,  as  shown  in  Table  5.1.   The  characteristic
compressive strength of masonry was calculated using Eq. (3.1) and found to be 15.9
MPa; and the ultimate compressive strain of the masonry was taken as 0.0035 (MSJC
[2002]).   The  properties  of  the  reinforcing  steel  used  herein  were  obtained  from the
tensile tests.  For the fiber reinforced mortar, the tensile strength was taken as the
post-cracking strength obtained from Eq. (2.14) for steel fiber reinforced mortar or
from test results for hybrid-fiber reinforced mortar.
Referring to Table 5.1, it is observed that the analytical models give a
reasonably accurate prediction of the ultimate strength for Series I specimens (which
failed in punching shear) with the ratio of test to theoretical value between 0.94 and
0.99.  For Series II, III and IV specimens, which failed by flexural rupture of the
overlay, the theoretical predictions obtained from yield line method give a
conservative ratio of 0.98 to 1.39 with a mean of 1.21.  The strip method, on the other
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hand, gives a more conservative prediction, with the ratio of test to theoretical values
ranging from 1.29 to 1.82 with a mean of 1.59.
5.5 Effect of Test Parameters
The effect of loading type, strengthening system, reinforcement type, and
volume fraction of reinforcement on the behaviour of strengthened masonry walls,
with respect to the strength, deformation, and energy absorption capacity, is presented
herein.  The ultimate strength and deflection are explicitly shown in the load-
deflection curve; while energy absorption capacities, defined as the area under the
load-deflection curve, are shown in Table 5.2, and Figures 5.13 and 5.14.
For  discussion  purpose,  the  reinforcement  ratio  is  defined  as  the  area  of
reinforcement divided by the cross-section area (that is, width times overall thickness)
of the strengthened wall.  For discrete fibers, the area of reinforcement is taken as half
the volume fraction times the overlay thickness.  The tensile capacity is taken as the
area of reinforcement multiplied by the tensile strength for continuous reinforcement.
In the case of discrete fibers, tests were carried out to establish the tensile capacity of
fiber reinforced mortar.
5.5.1 Loading Type
The effect of loading types was investigated by comparing Series I and Series
II specimens.  In Series I, two ferrocement-strengthened masonry walls (F11P and
F12P) were tested under a concentrated load through a 100-mm square loading area,
while two other wall specimens (F11 and F12) from Series II were subjected to a
uniformly distributed load through an approximately 750-mm square loading area
using an air bag.
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The distinct effect of the two loading types is indicated in the load-deflection
response especially in the region after the maximum capacity is reached (see Figures
5.4 and 5.5).  The curves for F11P and F12P show a rather sharp drop in applied load
followed by a relatively slow decrease afterwards.  As mentioned earlier, this is due to
the punching of loading plate through the masonry layer and subsequent membrane
action of the ferrocement overlay.  On the other hand, the load-deflection curves for
F11 and F12 reveal a relatively steady load-carrying capacity at ultimate.  This
implies that the specimens were ductile enough to develop flexural failure rather than
punching shear failure.
In summary, specimens F11 and F12 exhibited higher ultimate load capacity
than specimens F11P and F12P for the reason that punching shear strength, that is
proportional to 'cf , is much smaller than the bending strength.  In addition, the wall
specimens tested under uniformly distributed load showed relatively good ductility.
5.5.2 Effect of Strengthening Systems
In  general,  the  results  of  the  static  load  tests  on  wall  specimens  show
significant enhancement in the strength, deformation capacity and ductility of all the
strengthened masonry walls compared to the unstrengthened walls (see Figures 5.4 to
5.7, and Table 5.1).
In Series I, specimens F11P and F12P recorded the maximum load of 133.7
kN and 155.2 kN, respectively, which are much higher than 18.3 kN for the
unstrengthened wall, RP.  In terms of deformation capacity, the ferrocement overlay
enabled the wall to deflect further after the specimen had failed by punching shear.
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Significant strength improvement is evident for the wall specimens in Series
II,  III,  and  IV  as  well.   Compared  to  32.2  kN  for  the  unstrengthened  wall  RU,
strengthened specimens exhibit higher capacities that range from 154.3 kN for
specimen S1 to 660.9 kN for specimen F12.  With respect to deformation capacity,
the strengthened walls have a maximum deflection ranging from 4 to 4.5 mm for
Series II specimens.  A larger deflection of more than 10 mm was reached in Series
III and Series IV specimens.  In addition, ductile behaviour is shown by the prolonged
plateau in the load-deflection response.  The improvement in strength is dependent on
the tensile capacity of the strengthening overlay.  On the other hand, the type of
reinforcement  (continuous  or  discrete)  affects  the  deformation  capacity;  and  this
effect is discussed in the next section.
5.5.3 Type of Reinforcement
With  regard  to  the  type  of  reinforcement  (that  is,  continuous  or  discrete),  as
shown in both Figures 5.13 and 5.14, specimens strengthened with continuous
reinforcements in the form of skeletal steel and wire mesh perform better in terms of
strength and deformation capacity than those with discrete fibers alone.  This is due to
three main limitations of fiber reinforced composites: low tensile strength, small
deformation capacity, and the failure characteristics.
Fiber reinforced composites typically fail in a pullout manner in which its
resistance relies on the bond strength between the fiber and the matrix.  However, the
bond strength is relatively small.  In contrast, continuous steel reinforcement is able to
develop its strength equal to the yield strength which is two order higher than the
typical tensile strength of fiber reinforced composites.  This leads to better
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performance of specimens reinforced by continuous reinforcements in terms of load-
carrying capacity and energy absorption given the same total reinforcement content.
Another advantage of having a continuous reinforcement is in the failure
characteristics.  Despite the load-deflection curves of SFRM walls and specimen H00-
22 showing a ductile part at failure, flexural rupture due to pull-out of fibers in SFRM
of HFRM overlays occurred shortly after the maximum load was reached.  On the
other hand, where yielding of continuous reinforcement bars occurred, it took a
relatively long time before the specimen finally failed.
In short, continuous reinforcement in form of skeletal steel in the
strengthening overlay appears to give beneficial contribution to the strength and
ductility of the wall.  Moreover, such walls are able to sustain the load at reasonably
large deflections leading to higher deformation capacity.
5.5.4 Volume Fraction of Reinforcement
Generally, it is logical that adding more reinforcement in a tolerable amount
leads  to  a  higher  tensile  strength  of  the  overlay  and  thus  results  in  higher  ultimate
capacity  of  the  walls.   This  is  confirmed by  correlating  the  ultimate  capacity  of  the
wall to the amount of reinforcement, as illustrated in Figure 5.17.
In general, the energy absorption capacity of the strengthened walls increases
with the volume fraction of reinforcement and tensile capacity of the overlay, as
shown in both Figures 5.15 and 5.16.  The most significant increase is shown by
ferrocement (FC) and hybrid fiber reinforced mortar (HFRM) overlays containing
both continuous and discrete reinforcement; while steel fiber reinforced mortar
(SFRM) overlays lead to slight increase in energy absorption capacity.
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In Figure 5.17, the ultimate capacity refers to the maximum load-carrying
capacity of the walls under uniformly distributed load tests.  Apparently, the ultimate
load increases with the volume fraction in each series.  The most significant increase
is also exhibited by walls strengthened with ferrocement or HFRM overlays.  On the
other hand, SFRM systems give the least enhancement in ultimate load capacity.
5.6 Comparison with FRP Systems
The results obtained from the laboratory investigation of the four
strengthening systems are compared with identical walls strengthened with FRP
systems (Tan and Patoary [2004]) and subjected to similar loading as those in this
current study.  The specimens, CFRP and GFRP, were strengthened with carbon
(Mbrace CF 130 with fiber weight of 300g/m2) and glass FRP (SikaWrap 100G with
fiber weight of 913g/m2) systems, respectively.  The FRP laminates were placed in
one ply in each orthogonal direction.  The load-deflection responses of FRP systems
and those of SFRM, HFRM and ferrocement systems are shown for comparison in
Figure 5.18.  The energy absorption capacities of FRP-wall systems were then
calculated that and they were included in Table 5.2, Figure 5.13, and Figure 5.14.
 Comparing the load-deflection responses (see Figure 5.18), the FRP-
strengthened walls had ultimate strength equal to those of walls strengthened with
steel fiber reinforced mortar overlay.  However, the ultimate strength of FRP-
strengthened walls is significantly lower than those strengthened with ferrocement
and HFRM overlays.  In terms of deformation capacity, the maximum deflections of
FRP  systems  are  between  those  of  walls  strengthened  with  steel  fiber  reinforced
mortar overlay and ferrocement overlays.
Chapter 5: Test Results and Discussion
87
In terms of energy absorption capacity of the strengthened wall, carbon FRP
laminates gave comparable or slightly better performance than steel fiber reinforced
overlays  on  the  basis  of  reinforcement  ratio  (see  Figure  5.14).   However,  based  on
tensile capacity of the strengthening material (Figure 5.13), both glass and carbon
FRP laminates did not result in higher energy absorption capacity of the wall than
ferrocement or hybrid fiber reinforced overlays although the tensile capacity of FRP
laminates are significantly higher.
5.7 SUMMARY
The analytical models predict the strength of masonry walls on the safe side
with the ratio of test results to theoretical predictions well in an acceptable range.  It is
concluded that the strengthening systems is effective in increasing the flexural
performance of the masonry walls in terms of stiffness, strength, and ductility to resist
out-of-plane load.  Compared to fiber reinforced polymer systems, ferrocement and
hybrid fiber reinforced mortar overlays appear to be a viable and more economical
method in strengthening masonry walls against lateral loads.
Chapter 5: Test Results and Discussion
 88
Table 5.1 Comparison of test results with theoretical predictions
Theoretical predictions
Flexural failurePunching shear




























RP 20.1 B - - - - - - -
F11P 133.8 PS 21.53 142.6 0.94 n.a. - n.a. -I
F12P 155.2 PS 26.45 157.5 0.99 n.a. - n.a. -
RU 32.2 B - - - - - - -
F11* 277.4 FT 21.53 n.a. - 387.5 0.72 295.3 0.94
F12 660.9 FT 26.45 n.a. - 476.1 1.39 362.7 1.82
FS10 348.1 FT 19.66 n.a. - 353.9 0.98 269.6 1.29
II
FS11* 372.2 FT 24.47 n.a. - 440.5 0.85 335.6 1.11
S1 154.3 FT 6.18 n.a. - 111.2 1.39 84.8 1.82
S2 216.0 FT 9.23 n.a. - 166.1 1.30 126.6 1.71
S3 236.0 FT 12.26 n.a. - 220.7 1.07 168.1 1.40
III
S4 290.9 FT 15.26 n.a. - 274.7 1.06 209.3 1.39
H00-22 256.1 FT 11.63 n.a. - 209.3 1.22 159.5 1.61
H10-20 479.3 FT 22.39 n.a. - 403.0 1.19 307.1 1.56
H10-13 546.4 FT 22.94 n.a. - 412.9 1.32 314.6 1.74
H10-22 612.5 FT 28.06 n.a. - 505.1 1.21 384.8 1.59
IV
H10-23 610.6 FT 28.43 n.a. - 511.7 1.19 389.9 1.57
Note: * early debonding of strengthening layer prior to the test.
† Pp = theoretical punching shear strength; ‡Py = theoretical flexural strength based on yield line
method; #Ps = theoretical flexural strength based on strip method.
B = Bending,  PS = Punching shear,  FT = Flexural  tension (by rupture of  steel  reinforcement  or
pullout of fibers)
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(%) (kN/m) (kN) (mm) (kNmm)
F11 0.20 164.3 277.4 17.52 FT 3982
F12 0.27 200.5 660.9 13.05 FT 6628
FS10 0.19 153.6 348.1 11.69 FT 2907
FS11 0.25 189.8 372.2 10.54 FT 3777
S1 0.10 50.7 154.3 3.95 FT 505
S2 0.16 76.2 214.6 4.47 FT 753
S3 0.21 101.7 237.1 4.42 FT 819
S4 0.26 127.2 290.9 4.18 FT 931
H00-22 0.16 93.0 256.1 3.39 FT 699
H10-20 0.24 181.8 479.3 13.87 FT 5745
H10-13 0.26 179.0 546.4 12.73 FT 4992
H10-22 0.29 221.1 614.3 15.53 FT 7825
H10-23 0.32 223.2 610.6 15.39 FT 7904
CFRP 0.15 577.5 285.5 5.60 FC 1155
GFRP 0.61 1507.5 280.2 7.86 FC 1666
Note: *FT= flexural tension (by rupture of steel reinforcement/pullout of fibers); FC= flexural
compression.








































































(c)           (d)
Figure 5.1 Stress-strain relationships of SFRM tensile specimens tested in uniaxial


























Figure 5.2 Stress-strain relationships of HFRM tensile specimens
tested in uniaxial tension test
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Figure 5.3 Comparison between observed and predicted

















Figure 5.4 Load-deflection characteristics of ferrocement-strengthened
wall specimens in Series I





















Figure 5.5 Load-deflection characteristics of ferrocement and




















Figure 5.6 Load-deflection characteristics of SFRM-strengthened
wall specimens in Series III























Figure 5.7 Load-deflection characteristics for HFRM-strengthened
 wall specimens in Series IV

















































4  5  6
(b)
Figure 5.8 Strain reading for specimens in Series I: (a) F11P; (b) F12P















































4  5  6
(b)
Figure 5.9 Strain readings for specimens in Series II: (a) FS10; (b) FS11


































































4  5  6
(c)
Figure 5.10 Strain readings for specimen in Series IV: (a) H10-20;
(b) H10-13; (c) H10-22; (d) H10-23 (continue)
























4  5  6
(d)
Figure 5.10 Strain readings for specimen in Series IV: (a) H10-20;
(b) H10-13; (c) H10-22; (d) H10-23
Figure 5.11 Punching Shear Failure
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Figure 5.13 Relationship between energy absorption capacity and
tensile capacity of overlay



















































































Figure 5.14 Relationship between energy absorption




































Figure 5.15 Relationship between energy absorption capacity
and volume fraction of reinforcement





































Figure 5.16 Relationship between energy absorption capacity





























Figure 5.17 Relationship between ultimate capacity and
volume fraction of reinforcement





















Figure 5.18 Load-deflection responses of walls strengthened with FRP systems and
various cement composite material overlays
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Conclusions
6.1 REVIEW OF THE WORK
The study on the strengthening of masonry walls against out-of-plane loads
was carried out.  Four types of strengthening systems used for masonry wall
specimens were examined:
1. Ferrocement overlay
2. Steel Fiber Reinforced Ferrocement (SFRF) overlay
3. Steel Fiber-Reinforced Mortar (SFRM) overlay
4. Hybrid-Fiber-Reinforced Mortar (HFRM) overlay
The test specimens were grouped into four series with a total of seventeen wall
specimens, each measuring 1 m by 1 m on plan and 115 mm in thickness.  They
consisted of 15 strengthened and two unstrengthened walls.  All the strengthened
walls were reinforced with 30-mm thick overlays on the tension face.  All specimens
in Series I (ferrocement) were tested under a concentrated load whereas specimens in
Series II (ferrocement and SFRF), III (SFRM), and IV (HFRM) were subjected to a
uniform load using an airbag.
In  the  static  wall  tests,  the  specimens  were  loaded  at  its  centre  until  failure.
Analytical models were proposed to predict the ultimate load-carrying capacity of the
walls, and verified with the experimental results.  The test results were examined for
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the effects of various test parameters.  In addition, the strengthening systems studied
herein were compared with FRP systems investigated by Tan and Patoary [2004].
6.2 CONCLUSIONS
From the study of out-of-plane behaviour of masonry walls carried out, the
following conclusions can be drawn:
1. Strengthening of unreinforced masonry walls using reinforced cementitious
composite overlays contributes substantially to the flexural performance of the
walls in terms of the ultimate capacity.
2. Two failure modes were identified: punching shear failure for ferrocement-
strengthened walls under concentrated load, and flexural failure by rupture of
skeletal steel or pullout of fibers for wall specimens tested under uniformly
distributed load.
3. Significant enhancement in the deformation capacity is evident.  Using mortar
overlay reinforced with discrete fibers alone gives maximum deflections in the
range of 4 to 4.5 mm.  In walls strengthened with overlays reinforced with skeletal
steel, the maximum deflection can reach up to 15.5 mm for HFRM walls.  Ductile
behaviour was observed in walls under uniformly distributed load.
4. The proposed analytical models for punching shear failure give good prediction of
the failure load.  In addition, the models for flexural failure give a conservative
prediction within an acceptable range.
5. The use of continuous steel bars with a combination of both steel and
polypropylene fibers in the strengthening overlay gives the most desirable




6. Performance of ferrocement, SFRF, and HFRM overlays were found to be
superior to FRP systems in terms of ductility, energy absorption and ultimate
capacity of the strengthened walls.  Compared to fiber-reinforced polymer
systems, ferrocement and hybrid fiber-reinforced mortar overlays appear to be a
viable and more economical method in strengthening masonry walls against
lateral loads.
6.3 RECOMMENDATION FOR FUTURE WORK
In this research study, the performance of the strengthening systems was
evaluated from the results of the static load tests on wall specimens.  However, in
view of the possible application of them in resisting lateral loads that may arise from
bomb explosion  or  gas  explosion,  field  blast  tests  can  be  carried  out.   These  would
provide the real behaviour of strengthened walls under the blast loadings.
The scope of the study is limited to the investigation of the wall itself.  Further
studies should be extended to the procedure of securing the whole wall to the beam-
column frame.  It may be necessary to provide anchorages to the frame that possesses
higher capacity than the wall to avoid the strengthened wall to fail at the joint.
Further studies could be carried out with finite element modeling that
simulates  the  behaviour  of  out-of-plane  strengthened  masonry  walls.   This  can  give
impetus to the practical use of the strengthening systems.
Finally, superior strengthening materials than those investigated herein may be
developed.  It is possible to use the type of composite that possesses strain hardening
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Appendix - Post-Cracking Tensile Strength of SFRM
(a) Properties of Steel Fibers
Fiber length lf = 35 mm; fiber diameter df = 0.75 mm; ultimate steel fiber stress ?fu
= 1100 MPa; ultimate bond stress ?u = 5.5 MPa (based on single fiber pullout test
by Lim [1987])
(b) Critical fiber length (lc) and fiber length efficiency factor (?1)
From Eqs. (2.10) and (2.9), the critical fiber length, lc and the length





Since lf  < lc, then?1 = 0.5
(c) Fiber orientation factor (?o)
The orientation factor ?o is calculated using the equations proposed by
Soroushian and Lee [1990], who claimed that in the presence of two parallel
boundaries that are at relatively close distances (with respect to the fiber length),
the fibers located near the boundaries are in a situation somewhere between three-
dimensional (3-D) and two-dimensional (2-D) random orientations.  Hence, in this
case where the thickness of the strengthening layer is smaller than the fiber length,
the orientation factor is taken as the average of the 2-D and 3-D values.  The
equations are given as follows:





















tan 1?  (A1)
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where b is the width of the specimen; and t is the thickness of the strengthening
overlay.  In this study, b = 1000 mm and t = 30 mm.
Using Eqs. A1 and A2, the orientation factor can be obtained as:
















 for 2-D, 651.064.0
1000
3531.00 ?????
Hence, the orientation factor?o is taken as ? ? 637.0651.0623.02/1 ?? .
(d) Post-cracking tensile strength
To obtain the post-cracking tensile strength of SFRM, Eq. (2.14) is used
by incorporating the relevant mix and material parameters.  The post-cracking
tensile strength computed is given in Table A below.
Table A: Post-cracking tensile strength of SFRM
Fiber volume fraction Vf
(%)
?tu,sf
(MPa)
0.5 0.82
1.0 1.63
1.5 2.45
2.0 3.27
2.5 4.09
